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Cluster redshift z = 0.18 
θE = 45” 
34 multiply imaged systems 
M200 = 1.32±0.2 × 1015 h-1 M 



D = angular diameter distance (ratio 
of an object’s physical transverse 
size to its angular size 

θ = angle of observed position of 
image 

O = observer 
β = actual angle of source wrt axis

( unobservable) 

Defining angular diameter distances in this way allows us to write the  
lensing equation using Euclidean geometry.  
Important to note that Ds ≠ DL+DLS 



€ 

ˆ α 

€ 

θDs = βDs + ˆ α DLS

€ 

α = ˆ α 
DLS
DS

, ˆ α =
4GM
rmc

2 , rm =θDL , α =
DLS
DSDL

4GM
c2θ

€ 

β =θ −α

€ 

θ2 −βθ −θE
2 = 0, θE =

DLS
DSDL

4GM
c2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/2



When β = 0 then 
the lens and the  
source are  
perfectly aligned  
and we get an 
Einstein Ring 

This is fairly rare 
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Observed solid angle 

Actual solid angle in the absence of the lens 
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Source 

Convergence alone 

Convergence + Shear 





Source Plane 
Image Plane 

Radial caustic 
Tangential caustic 

Tangential critical 
line 
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ε = 1− r( ) / 1+ r( ) = γ / 1−κ( )



Weak lensing, the  
background galaxies are  
oriented tangentially to 
the lens and stretched.  
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No lensing, galaxies 
oriented randomly 

Image from Wikipedia. 
Author Michael Sachs 
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8 o’clock arc 

APO 3.5m g-
band image and 
Keck LRIS 
spectrum  

zlens = 0.38 

Allam et al., 2007, ApJ 662, L51  







9 Spectroscopically Confirmed  
Lensing Systems (1’ x 1’) 

lrg-4-606 
zl=0.49 
zs = 2.03 

lrg-3-817 
zl = 0.35  
zs = 2.26 

lrg-3-227 
zl = 0.45 
zs = 0.98 

lrg-4-581 
zl = 0.43 
zs = 0.97 
“Cosmic 
Snowman” 

SSA_1113 
zl = 0.35 
zs = 0.77 

lrg-2-2811 
zl = 0.42 
zs = 2.0 
“The Clone” 

lrg-3-757 
zl = 0.44 
zs = 2.38 
“Cosmic 
Horseshoe” 

8 o’clock arc 
zl = 0.38 
zs = 2.73 

SSA_1343 
zl = 0.34 
zs = 2.1 



7 further systems 

bcg_3_067 
zl = 0.355 
zs = 2.2 ? 

1154 
zl = 0.42  
zs = ? 

lrg_4_670 
zl = 0.41 
zs = ? 

1113 
zl = 0.34 
zs = 0.77 

100173 
zl = 0.48 
zs = 2.94 

5185 
zl = 0.25 
zs = 0.66 

8004 
zl = ~0.5 
zs = 1.82 



SSA_1343 
z = 2.09 

lrg-4-581 
z = 0.97 



lrg_2_2811 (“Clone”) 
Subaru FOCAS V-
band image and 
spectrum (M. Oguri) 

zlens = 0.42 

Lin et al., 2009, APJ 699 1242 







Fit a Singular Isothermal Ellipse 
θEIN = 3.35” 
ε = 0.53 
PA = 12.8 deg 
χ2/dof = 1.04 
σ = 392 km s-1 

REIN = 12.2 h-1 kpc 
MEIN = 1.4 x 1012 h-1 M  
M/L (rest frame g-band) = 13.8 h M /L"

Total Magnification = 12.8 
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Model Image Source Residuals 

χ2 = 2.18, θE = 3.82± 0.03”, σ = 440±7 km s-1 

Magnification = 27±1, M(< θE) = 2.1±0.3 × 1012 h-1M"

Tangential 
Critical curve 

Tangential caustic 
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Rfold = F+ −F−( ) / F+ +F−( )
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lrg_4_606 
APO 3.5m SPIcam gri 
image and DIS 
spectrum (unfluxed)
HST images due March 
13 

zlens = 0.49 

Diehl et al., 2009, ApJ 702 L110 



Input Model 

Residuals Combination of Sersic profiles for the 
galaxies and exponential disks for the arcs 
18 objects + sky 
χ2/dof = 1.4 

i band 



Uses LENSVIEW 
χ2/dof = 1.13 
Model uses two 
Singular Isothermal 
Ellipses centered at 
the position of the 
two central galaxies 
This type of model has 
been used successfully 
on other systems with 
binary galaxies 

M(< θE) = 11.6±2.7 × 1012 M"

Model 

Source 
Residuals 



lrg_3_817 

APO 3.5m SPIcam 
gri image and DIS 
spectrum 
(unfluxed) 

zlens= 0.35 

Diehl et al., 2009, ApJ 702 L110 



Model Data 

Source 

Tangential  
critical line 

Caustic 

Source 

θE = 7.7 ± 1.1” 
M(< θE) = 9.6±2.7 × 1012 M"
(work of Anderson West, IMSA student) 



Roger Smith/NOAO/AURA/NSF 
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A single emission 
line which is identified  
as [OII] 3727Å 

Redshift  
z = 0.9052±0.0005 

Photometric redshift 
was estimated as 
z ≈ 0.7 
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ρ∝ r2 + rc( )−1 r2 + rt( )−1
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rs =10.94"−6.21
+11.68 , κ = 0.452−0.20

+0.663
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Mass inside the Einstein 
Radius = 1.45 × 1013 M"

Mass due to the NFW profile 
alone = 1.14 × 1013 M 

Magnification  
Source 1 32.46 
Source 2 28.77 

Paper is in preparation 
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κ = Σ /Σcrit
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e1 =
Ixx − Iyy
Ixx + Iyy

, e2 =
2Ixy

Ixx + Iyy
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et = e1 cos(2β)+ e2 sin(2β)
ec = −e1 sin(2β)+ e2 cos(2β)
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Work done by our intern 
Emily Drabek 

The tangential shear is 
fit to an NFW profile  
There is a positive 
signal but the errors are 
large. This measurement  
will be combined with  
the strong lensing fit 
to provide an improved  
constraint on M200 



The Coma cluster 
(Abell 1656)  is at 
a redshift of z=0.02 
and contains over 1000 
identified galaxies. 
Due to the low z we can  
measure a weak lensing 
signal even with the  
shallow imaging of SDSS 
because almost all the 
background galaxies are 
at higher redshift than 
Coma 

Kubo et al., 2007 ApJ 671 1466 



 Tangential shear 
45° component 

 Tangential shear 
45° component 

Coma Cluster 6 Blank Fields 
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r200 =1.99−0.22
+0.21h−1Mpc, c = 3.84−1.84

+13.16, M200 =1.88−0.56
+0.65 ×1015h−1Msun

Consistent with other mass measurements to within 2 σ 
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M200 = 2.88−2.1
+2.87 ×1014h−1Msun





We can estimate the expected number of strongly lensed systems 
in the Dark Energy Survey by scaling from other surveys that go to 
similar depth. 

We expect a lot of lenses and the challenge will be to discover them 
in a more automated way than we do at present 
We are starting to think about ways to do this but it is not easy.  
The human eye is extremely good at identifying these objects and 
translating that into software is not trivial 




